Inhaled but not i.v. anaesthetics are reported to decrease pulmonary vascular resistance. The aim of this study was to compare the effects of isoflurane with those of propofol on the interaction between right ventricular (RV) function and the pulmonary vascular system in embolic pulmonary hypertension. Nine dogs received in random sequence propofol 18 mg kg Q plots and pulmonary vascular impedance (PVZ) spectra. Right ventricular function was assessed by total hydraulic power (W tot), ratio of oscillatory power (Wosc) to W tot, and dP/dtmax. Measurements were obtained, with both anaesthetics, before and after pulmonary embolic hypertension induced by autologous blood clots. Embolism increased PAP, 0 Hz and low frequency input impedance, displaced first minimum of i PAP/Q moduli and zero crossing of phase to higher frequencies, decreased characteristic impedance, decreased Wosc/W tot without affecting W tot, and increased dP/dtmax. Compared with propofol, isoflurane at baseline did not affect i PAP/Q plots, PVZ or hydraulic power data, but decreased dP/dtmax. After embolism, isoflurane shifted i PAP/Q plots to lower PAP without affecting PVZ, did not affect hydraulic power data and decreased dP/dtmax. We conclude that in canine embolic pulmonary hypertension, isoflurane compared with propofol impeded RV vascular coupling caused by decreased RV contractility, while afterload remained unchanged despite some decrease in pulmonary vascular tone. (Br. J. Anaesth. 1997; 79: 625-630).
General anaesthesia is commonly associated with decreased systemic arterial pressure caused by a combination of negative inotropism and vasodilatation. While inhalation and i.v. agents have broadly comparable effects on systemic haemodynamic state, inhaled but not i.v. anaesthetics have been reported to inhibit hypoxic pulmonary vasoconstriction (HPV). This pulmonary vascular effect of inhalation agents is prominent in isolated perfused lung preparations in vitro, 1 but less so in more intact animal preparations. 2 3 We reported previously that anaesthesia with inhaled isoflurane compared with i.v. propofol decreased pulmonary vascular tone in hypoxia and hyperoxia, without inhibiting HPV, and that isoflurane-induced pulmonary vasodilatation did not affect pulmonary vascular impedance (PVZ) in intact dogs. 4 However, hypoxia-induced pulmonary hypertension was mild, with pulmonary artery pressure (PAP) seldom exceeding 20 mm Hg, 4 so that the pulmonary vasodilating properties of isoflurane would not be expected to be important. We therefore investigated the pulmonary haemodynamic effects of isoflurane anaesthesia in more severe experimental pulmonary hypertension, such as that induced by autologous blood clot embolization in dogs.
In this study, we characterized the flow-resistive properties of the pulmonary circulation by multipoint mean PAP compared with mean pulmonary blood flow ( ) Q i relationships, and evaluated right ventricular (RV) afterload by measurement of PVZ. Associated changes in RV function were assessed by the maximum rate of pressure increase (dP/dtmax) and total (Wtot) and oscillatory (Wosc) hydraulic power. The measurements were performed before and after induction of autologous blood clot embolism in dogs anaesthetized with either isoflurane or propofol. Propofol was chosen because it does not act as a pulmonary vasodilator 4 5 and because of its very short duration of action, allowing comparisons with isoflurane in the same animal. The hypothesis tested was that isoflurane, despite its negative inotropic properties, would decrease pulmonary vascular resistance (PVR) sufficiently to decrease ventricular afterload, thereby not altering ventriculo-vascular coupling.
Materials and methods
All experiments were conducted in accordance with the "Guiding Principles in the Care and Use of Animals" approved by the American Physiological Society. We studied 12 mongrel dogs (weight 20-36 kg, mean 27 kg) anaesthetized with propofol 10 mg kg 91 i.v. followed, in random order, by either 1.4% end-tidal inhaled isoflurane (: 1 MAC for the dog) or propofol 18 4 Briefly, femoral and pulmonary arterial catheters were inserted for measurement of systemic and pulmonary haemodynamics and for sampling of arterial and mixed venous blood. Vascular pressures were recorded continuously and read at end-expiration. Cardiac output was measured using the thermodilution method with a fast-response thermistor catheter (93A-131-7.5F, Edwards, Santa Ana, CA, USA) and three injections of 10 ml of ice-cold saline delivered at the beginning of expiration. Cardiac output was controlled by inflating a balloon inserted in the inferior vena cava or by opening a femoral arteriovenous fistula to decrease or increase venous return, respectively.
After 200 ml of blood were obtained for clot formation, sodium heparin 100 u. kg 91 was given i.v. to prevent thrombus formation along the catheters. Normal saline was infused at a rate of 10 ml kg 
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was increased to 0.6, and 3 cm H 2 O of PEEP were applied to maintain adequate gas exchange and prevent atelectasis. Sufentanil boluses of 5-20 g i.v. were given to provide appropriate analgesia. A non-constricting ultrasonic flow probe was positioned around the pulmonary artery, a manometer-tipped catheter inserted in the pulmonary artery via the RV outflow tract and a second manometer-tipped catheter placed in the RV via the right external jugular vein. Expired isoflurane was monitored with an Ultima respiratory gas analyser (SVi, Meda, Helsinki, Finland).
At the end of surgery, anaesthesia was maintained with the initial anaesthetic agent. 6 The first three dogs embolized with 1.4% isoflurane anaesthesia died from irreversible cardiac failure before PAP stabilization and were excluded from the study.
In the following isoflurane-anaesthetized dogs, isoflurane was decreased to the lowest concentration compatible with adequate anaesthesia (less than 1%) during and just after embolization, and thereafter reset at 1.4%. After another 30-min period of haemodynamic stabilization, a third PAP/ Q i plot and PVZ data were collected. Anaesthesia was again resumed with the alternate agent, and a fourth PAP/ Q i plot and PVZ data were obtained 1 h later.
Each of the nine remaining dogs thus received both anaesthetics before and after embolization. In order to assess the stability of the preparation, care was taken to recover initial post-embolic cardiovascular status and gas exchange variables after generation of each P/ Q i plot until the end of the experiment.
Instantaneous pressure and flow signals were digitized at a rate of 200 Hz, displayed on a monitor screen for visual inspection and stored in a computer. PAP/ Q i plots and PVZ data were analysed as reported previously. 4 Zero flow was adjusted to the end-diastolic plateau of the flow signal. Ultrasonic flow was scaled to the thermodilution value to compensate for ultrasonic underestimation of flow in large vessels, 4 and indexed to body surface area. From PVZ spectra were derived 0 Hz impedance (Z 0 ), which represents total pulmonary vascular resistance, characteristic impedance (Z c ), first harmonic modulus (Z 1 ) and phase (Ph 1 ). Z c was calculated by averaging P/ Q i moduli between 2 and 10 Hz, and an index of wave reflection, the reflection coefficient (Rc) as Rc:(Z 0 9Z c ) / (Z 0; Z c ). 7 Wtot was computed as the instantaneous pressure-flow product, and Wosc as the difference between Wtot and steady power (mean pressure-mean flow product). 10 In this study, the depth of anaesthesia appeared comparable with propofol 18 mg kg 91 h 91 and 1.4% end-tidal isoflurane (1 MAC for dogs) with regard to noxious stimuli such as reaction to skin incision. Baseline haemodynamic and blood-gas variables were similar with both drugs, with a somewhat lower heart rate and systemic arterial pressure during isoflurane anaesthesia.
NON-PULSATILE HAEMODYNAMICS
We evaluated pulmonary vascular tone by multipoint PAP/Q i relationships, instead of isolated PVR calculations, to discriminate active from passive shifted the zero crossing of phase to higher frequencies (all P:0.05). PVZ spectra were not significantly different for isoflurane or propofol, at baseline or after embolism.
Q i -dependent changes in PAP. 11 We observed parallel upward shifts of PAP/Q i relationships after embolism. According to the reference Starling resistor model, the extrapolated pressure intercept of PAP/Q i plots represents the effective outflow pressure of the pulmonary circulation and the slope of PAP/Q i plots is higher than left atrial resistance 11 . When the extrapolated pressure intercept of PAP/Q i plots is higher than left artrial pressure (estimated by PAOP), as occurs in experimental pulmonary embolism, this may be explained by the existence of increased vascular closing pressure making left atrial pressure an irrelevant backward pressure in respect of flow. 6 12 However, a distensible vessel model has been reported recently which explains parallel shifts of PAP/Q i plots to higher pressures after embolism without having to invoke vascular closure. 11 13 Therefore, we did not speculate on the functional significance of slopes and extrapolated pressure intercepts of PAP/Q i plots in this study. However, our results showed that embolism increased PVR in a -independent Q i manner, and that this change was slightly reversed with isoflurane.
Previous studies that reported minimal or no pulmonary vasodilating effect of isoflurane in various experimental settings 2 3 14 15 included background i.v. anaesthesia with barbiturates. Pentobarbitone anaesthesia alone does not affect PAP/Q i relationships in hyperoxic sheep lungs 16 or in normoxic intact dogs, 17 but alters autonomic nervous regulation of the pulmonary circulation. 17 Barbiturates may reduce HPV by 14-28% at clinically relevant doses in isolated sheep lungs, 16 but it is not known if this can be extrapolated to intact animals. How background anaesthesia might interfere with the pulmonary vascular effects of isoflurane is uncertain. Comparing isoflurane alone with propofol alone, we reported previously a decrease in pulmonary vascular tone in hyperoxic and hypoxic dogs. 4 In that study, anaesthesia did not differ, suggesting that isoflurane had no effect on the normally low pulmonary vascular tone. These results concur with those of Lennon and Murray who found similar PAP/Q i plots in chronically instrumented dogs in the conscious state and during isoflurane anaesthesia. 18 The pulmonary vascular effects of propofol are not well documented. In pentobarbitone-anaesthetized dogs, propofol did not affect hyperoxic or hypoxic PAP/Q i plots, before or after cyclooxygenase inhibition. 5 However, in isolated rat aorta and pulmonary arteries, propofol exerted vasorelaxant effects, mediated partly via the cyclooxygenase pathway. 19 Compared with the conscious state, PAP/Q i plots during propofol anaesthesia might thus be shifted slightly to lower pressures. After embolism, PAP/Q i plots were shifted to lower pressures with isoflurane compared with propofol. However, this effect was small (a few mm Hg) and equivalent to the vasodilatation observed after hydralazine, isoproterenol and nitroprusside, 6 12 confirming that the functional vasoactive component of increased PVR in embolic pulmonary hypertension is modest and in this case better preserved with propofol than with isoflurane.
PULSATILE HAEMODYNAMICS
In the pulmonary circulation, Wosc is a relatively important fraction of RV external Wtot, which is determined by dynamic interplay between PVR, elastance and wave reflections. 7 11 To evaluate all of the forces that oppose RV ejection, the natural pulsatility of the pulmonary circulation must be taken into account. This is possible by analysis of pressure and flow waves in the frequency domain to calculate PVZ. 7 11 In the present experiments, PVZ spectra before embolism had a classical pattern: a relatively high Z 0 followed by a steep decrease to a minimum of 2-4 Hz, small fluctuations at higher frequencies and a slightly negative phase at lower frequencies. 4 20 21 Milnor, Bergel and Bargainer found no difference in PVZ spectra between awake and halothane-anaesthetized dogs. 21 In our dogs, PVZ spectra were comparable with isoflurane and propofol at baseline. Pulmonary embolism induced by autologous blood clots 22 or 150-200 m glass beads 20 has been reported to increase Z 0 , Z 1 , Rc and phase angle negativity, indicating an increase in total pulmonary vascular resistance (Z 0 ), pulmonary arterial elastance (Z 1 ) and wave reflection (Rc and phase negativity), 7 and a decrease in Z c . 20 22 Our results concur. A decrease in Z c in embolic pulmonary hypertension can be explained by dilatation of the pulmonary arterial tree. 20 22 The characteristic impedance Z c is the ratio of inertance over compliance of the proximal vessels and varies directly with the elastic modulus of the vessel and indirectly with its cross-sectional area. 7 In our dogs, although isoflow PVR values (evaluated by P/Q i plots) were lower with isoflurane compared with propofol after embolism, PVZ spectra were not affected differently by anaesthesia. In canine blood clot embolic pulmonary hypertension, Z c or pulmonary arterial compliance did not change after meclofenamate, ketanserin, atropine or vagotomy. 22 It is thus possible that the only component of PVZ amenable to active neurohumoral control in acute embolic pulmonary hypertension is distal PVR and that isoflurane and propofol might not act differently at conduit (proximal) pulmonary arteries in pulmonary embolism.
RIGHT VENTRICULO-VASCULAR INTERACTION
In the present experiments, baseline RV pressures, Wtot and Wosc/Wtot were comparable with those reported elsewhere. 21 22 Embolism did not affect Wtot and decreased slightly Wosc/Wtot. This also concurs with previous observations. 22 The absence of change in Wtot after embolism may be explained by an increase in wave reflection. This causes pressure and flow waves to become out of phase so that their instantaneous product decreases, as does Wosc/Wtot. 22 The latter is beneficial as Wosc is dissipated in the pulmonary vascular bed and wasteful in terms of blood motion. 7 Wosc/Wtot is decreased by an increase in heart rate or a decrease in Zc, or both. 21 In this study, since heart rate did not change with embolism, the lower Wosc/Wtot was probably related to the decrease in Z c . At a Q i value of 3.5 litre min 91 m
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, dP/dtmax, a load-dependent index of contractility, 23 was increased after embolism. This allowed only a moderate decrease in Q i in the face of an increased afterload. At comparable preload and afterload, as evaluated by RAP and PVZ, respectively, dP/dtmax was lower with isoflurane than with propofol. After embolism, lower contractility and lower systemic arterial pressure with isoflurane led to occasional acute right heart failure probably related to impairment of myocardial perfusion, as a consequence of decreased coronary perfusion pressure. 23 Observations made in vitro on the isolated ferret myocardium have also demonstrated more important negative inotropic effects of isoflurane compared with propofol at clinically relevant doses. 24 25 Thus in canine embolic pulmonary hypertension, compared with propofol, isoflurane caused deterioration in RV arterial coupling by a decrease in myocardial contractility, whereas RV afterload evaluated by PVZ was not decreased, despite a small reduction in pulmonary vascular tone evaluated by PAP/Q i plots.
